Abstract: This research proposes a framework to assist wind energy developers to select the 11 optimum deployment site of a wind farm by considering the Round 3 zones in the UK. The 
In general, classifying criteria under the qualitative and quantitative categories is related to their nature. The employed decision-making methods can be based on priority, outranking, distance or 5 of 23 combination of the three [29] . In [20] , a decision making study was conducted in three fixed wind 145 turbine support structure types considering both quantitative and qualitative criteria while using 146 TOPSIS. A decision making study on floating support structures by combining both quantitative and 147 qualitative criteria was presented in [30] .
148
The approach proposed here for the stochastic expansion of deterministic methods was based in
149
[23] that was expanded for different methods, under the premise that input variables are treated as 150 statistical distributions (derived by fitting the data collected for each value in the decision matrix and 151 weight vector), as shown in Figure 3 . By using Monte Carlo simulations, numerous iterations quantify 152 results and identify the number of cases, where the optimum solution will prevail, i.e., there is a Pi 153 probability that option Xi will rank first. Stochastic expansion algorithm of deterministic MCDM 154 methods illustrates the sequence of steps followed.
156

Figure 3 Stochastic expansion algorithm of deterministic MCDM methods
157
In [23] , during deterministic TOPSIS, the weights for each criterion were considered fixed, but 158 under stochastic modelling, statistical distributions were employed to best fit the acquired data of the 159 experts' opinions. Perera [31] has presented a study that combines MCDM and Multi-Objective
160
Optimisation in the designing process of Hybrid Energy Systems (HESs), using the fuzzy TOPSIS 161 extension along with level diagrams. In [32] , MCDM under uncertainty is discussed in an application 162 where the alternatives' weights are partially known. An extended and modified stochastic TOPSIS 163 approach was implemented using interval estimations.
164
In [23] , the authors extend the previous MCDM study on the decision making of an offshore 165 wind turbine support structure among different fixed and floating types. The decision matrix 166 includes stochastic inputs (by using data from experts) in order to minimise the uncertainties in the 167 study. In the same study, an iterative process has been included, and the TOPSIS method was 168 implemented. In [21] , an expansion of MCDM methods to account for stochastic input variables was 169 conducted, where a comparative study was carried out by utilising widely applied MCDM methods.
170
The method was applied to a reference problem in order to select the best wind turbine support 171 structure type for a given deployment location. Data from industry experts and six MCDM methods
172
were considered, so as to determine the best alternative among available options, assessed against 173 selected criteria in order to provide a level of confidence to each option.
Wind farm deployment model
178
The wind farm deployment model implemented in this study couples the LCC analysis with a 179 geospatial analysis as described below. The LCC analysis of a project involves all project stages 180 described in Figure 4 . In [18, 33] , a whole LCC formulation is provided, and this study integrates these 181 phases into the MOO problem. Assumptions and related data in the modelling of the problem were 182 gathered from the following references [18, [33] [34] [35] [36] [37] [38] based on which the present model was developed.
183
The LCC model described in [18] is used as a guideline in this study, and along with the site 184 characteristics and the problem's formulation, the optimisation problem is formed. The structure of 185 the LCC analysis is provided below in detail. The type of foundation that was considered in the LCC 186 model is the jacket structure by following the above studies.
188
Figure 4
Life Cycle Cost (LCC) break down [18] 
190
The LCC is calculated as follows: 
194
The power extracted is calculated for each site and each wind turbine respectively from: 
213
Three layout configurations are considered. The lower and upper limits of a theoretical array 214 layout will be employed along with an extreme case. More specifically, in the lower limit case (layout the extreme case (layout 3), the horizontal and vertical distance between turbines is 10 and 18 times 219 the rotor diameter. All cases are depicted in Figure 5 . The present work focuses on the optimisation 220 of offshore wind farm locations considering the maximum wind turbine number that can fit in the 
243
The way the length of the cables was calculated provides an approximation of the actual length.
244
Given real-world data, the calculations of both the layouts and the LCC would provide more realistic 245 values. For instance, the cable length should be larger because of the water depth and the burial of 246 the cables for each turbine. For each cable, both ends will have to come from the seabed to the 247 platform, so at least twice the water depth should be added to each cable and finally some 248 contingency length for installation.
249
The wind rose diagrams provided the prevailing wind direction, which sets the layout 250 orientation. The wind speeds, the wind rose graphs, and the coordinates of each location were 251 obtained by FUGRO and 4COffshore [37, 44] . All wind farm sites were discovered to have dominant 252 southwestern winds followed by western winds. For that reason, the orientation of the layouts is 253 assumed to be southwestern (as the winds are assumed to blow predominantly from that direction).
254
The wind rose graphs for each offshore site are determined by data acquired from [44] and the grid 255 points they created around the UK. The nearest grid point to the offshore site is used.
256
In Figure 
Multi-objective optimisation
264
The optimisation problem includes eight objectives; five LCC-related objectives, based on [18],
265
which are the cost-related objectives to be minimised. The three additional objectives are the number
266
of turbines (NWT), the power that is extracted (P) from each offshore site and the total installed 267 capacity (TIC), which are to be minimised, maximised and maximised, respectively.
268
More specifically, the LCC includes the predevelopment and consenting, production and 
273
The optimisation problem formulates as follows:
274
Minimise CP&C, CP&A, CI&C, CO&M, CD&D, NWT, (-P), (-TIC) 
279
Although the maximum number of turbines has been estimated by using QGIS, the maximum 280 capacity allowed per region was also considered, as specified by the Crown estate, as listed in Table   281 3. These were selected because of the possibility that the constraints might overlap in an extreme case 282 scenario. Therefore, both constraints were added to the problem in order to secure all cases. 
294
The criteria selection process follows below and is depicted in Figure 7 : 2. The second step is to perform an extensive literature review on the topic. It is vital that the 299 literature review is conducted in order to discover related studies and also confirm or reject ideas 300 that were found in the first step. During this process, it is possible to discover gaps that will help 301 to define the study more precisely and also discover criteria that were never considered before.
302
3.
Step three is about discussing ideas with subject matter experts and communicating to them the 303 aims and ideas of the project in order to obtain useful insight into the initial stages of the criteria 304 selection. Their expertise can confirm, discard or suggest new criteria according to their opinion.
305
Experts can also provide helpful data and confirm the value of the study.
4. In step four, the strengths and weaknesses of the work and criteria should be identified, followed 
331
6.
Step six is related to selecting a method for decision making. In general, it is important to decide 332 quite early which method of the multi-criteria analysis will be used. This is important because 333 different methods require different criteria and problem set up. In the case of hierarchy problems 334 and pairwise comparisons, the problem has to be set up differently, and the values need to be set experts, so as to prioritise the alternatives and assess them against seven selected conflicting criteria.
347
The outcome of the method is expected to assist stakeholders and decision makers to support 348 decisions and deal with uncertainty, where many criteria are involved.
349
TOPSIS is depicted in Figure 8 , initially proposed by Hwang et al. [46] , and the idea behind it 
358
After defining criteria and alternatives, the normalised decision matrix is established. The normalised value is calculated from the equations below, where is the -th criterion value for 360 alternative ( = 1, … , and = 1, … , ).
The normalised weighted values in the decision matrix are calculated as follows:
The positive ideal A and negative ideal solution A are derived as shown below, where ′ and "
363
are related to the benefit and cost criteria (positive and negative variables).
364
= { , … , } = | ∈ ′ , | ∈ " (10)
From the -dimensional Euclidean distance, is calculated below as the separation of every 365 alternative from the ideal solution. The separation from the negative ideal solution follows:
The relative closeness to the ideal solution of each alternative is calculated from:
After sorting the values, the maximum value corresponds to the best solution to the problem.
368
A survey that considers all seven criteria was created and disseminated to industry experts, so
369
as to obtain the weights for the following MCDM study. In this case, experts provided their opinions 370 based on the importance of each criterion in the wind farm location selection process. In total, 13 371 industrial experts with relative expertise responded and rated the criteria according to 372 their importance. The total number of 13 experts is sufficient for this work because the number of 6 of 23 offshore wind experts is very limited and the engagement is difficult. The input data from experts 374 were acquired by using an online survey platform, called Qualtrics.
and 100000 iterations, 10000 iterations for a simulation was found to deliver satisfactory results
380
within acceptable time frames. Next, the stochastic approach is compared to the deterministic one 381 and, in the end, the outcomes are presented in the next section.
382
All criteria and the final decision making matrices were scaled and normalised, respectively in 383 different phases of the process, as needed. The seven criteria used in this study include both 384 qualitative and quantitative inputs. Combining these two types can help decision makers to define 385 their problems in a more reliable method. Next, both deterministic and stochastic approaches will be 386 conducted and compared. The criteria are listed in Table 4 . 
388
390
More specifically, the criteria are defined and analysed below: assessed from 1-9 (1 being not close to any wind farms and 9 being close to many wind farms) 398 and 9 to 1 (9 being very close to the ports and 1 being extremely far from the shore)
399
respectively for each offshore site. The weighted values (equally weighted by 50-50) then 400 were summed. This criterion is qualitative, and it varies from 1 to 9 (1 being not at all 401 accessible to 9 extremely accessible). This criterion is also considered positive in the MCDM 402 process. Both in the deterministic and stochastic processes, the values used are the same. 
411
water depth were measured in each location) and the distance from the ports. The support 412 structure was assumed to be the jacket structure. This criterion was calculated according to
413
an empirical formula in [20] , and the water depth and distance from the ports were both 414 considered in these calculations. Finally, an index of the square of CO2 equivalent (CO2e 2 )
415
was considered from the two cases as a value for each offshore site. This criterion is negative. approach, the triangle distribution was used and in the deterministic, the mean value.
446
Even though cost remains a key factor in a project and its service life, there are some very 447 important factors that can also contribute to the final decision-making process. These factors should 448 contribute according to their importance by assigning weight next to each one of them. This study 449 considered these weights and used experts' insights in order to calculate and assign specific weights 450 to the selected criteria.
451
The following criteria were not considered for further analysis in this study. It was found that 452 these criteria do not affect the location selection process or they already took part in the research in 
457
Hence, this criterion is ignored. Life extension will not be considered because of the nature of the 
Results and discussion
465
The data obtained from the experts were analysed and used in MCDM both deterministically Figure 9 as cost breakdown analysis. All 7 solution shown and discussed were obtained from the 468 execution of the NSGA II, and they are equally optimal solutions, according to the Pareto equality.
469
The problem considered all 18 sites from the five selected Round 3 zones and the optimum results
470
minimise CAPEX, OPEX and CD&D, as shown in Figure 9 . At the same time, the remaining objectives 471 are also optimised. All layouts were found to deliver optimal solutions, where layout 3 was found
472
only once with few turbines.
473
All optimal solutions are listed in Table 5 . The solution that includes Hornsea Project One and 474 layout 3 delivered the lowest costs of the optimal solutions. Although, that was expected as it was
475
found that only 50 turbines were selected by the optimiser, the same solution is the second most 482 Figure 10 illustrates the % frequency of the occurrences of the optimal solutions. Five locations were
483
selected from the 18 in total. Seagreen Alpha was selected three times more than the rest of the 484 optimum solutions. ,944,713.9 373,550,029.7 6,323,114,490.8 7,693,609,234.3 East Anglia One layout 2 7 57 93,654,614.6 364,474,208.7 1,712,388,330.9 2,170,517,154.3 Hornsea Project One layout 3 7 50 81, 096,384.8 371,523,572.4 1,640,942,787.6 2,093,562,744.8 Figure 9 Cost breakdown per MW For all PF solutions for layout cases 1, 2 and 3
486
492
Figure 10 % frequency of occurrences of optimal locations. Five sites were revealed by the optimiser.
493
The output of MOO is used as an input to the MCDM process. The output of TOPSIS is a 494 prioritisation of the alternatives (i.e., the five offshore sites). Two variations of TOPSIS (i.e., 495 deterministic and stochastic) are employed. By combining those two methods, MOO and MCDM, the 496 best location is identified, and decision maker's confidence increases. These five locations were 497 selected to take part in the MCDM process in order to be further discussed and to obtain a ranking 498 of the locations using the stochastic expansion of TOPSIS. Following the process of TOPSIS, the 499 considered alternatives are listed in Table 6 , which are all considered to be unoccupied and available 500 for a new wind farm installation for the purposes of the problem. inputs were scaled from 1 to 9, as mentioned before. Table 8 shows the frequency of the experts' 504 preference per criterion and the normalised mean values of the weights extracted from them. 
507
Specifically for the calculation of C6 against alternatives in Table 7 , input from 3 experts was 508 considered. Although the number of experts replying to the seven criteria was mentioned before (i.e., The results of both variations of TOPSIS are listed in Table 9 , which prove that both methods are 520 in agreement. By implementation, the stochastic variation reveals more quantitative information 521 about the alternatives, as shown in Figure 11 . According to stochastic TOPSIS, the alternative that 522 involves Seagreen Alpha was the most probable solution, followed by Moray Firth Eastern
523
Development Area 1. Also, the former is three times more probable to be selected compared to the latter. The probability of other options to be selected is significantly lower, and Hornsea Project One 525 is unlikely to be selected. 
526
530
In the survey, the experts were asked to make recommendations or leave comments about the 531 criteria in order to include their insight in future studies or the limitations section. As expected, most 532 experts made some recommendations that are worth considering in the next steps. Some experts 533 responded according to their understanding of the work that is carried out and the work that was 534 done before this study. Some of them pointed out factors that were already included in the study in 535 the modelling of the work or already included in the criteria given to them, for example, the grid 536 availability and the power prices.
537
The importance of the operational environmental conditions was pointed out and how much 538 critical they think it is as it drives the wind farm's maximum output and capacity factor. It was also
539
stated that the wind speed should be taken into account separately in the study. 
563
based on experts' preferences. In the current problem formulation, among the optimum solutions,
564
Seagreen Alpha was the best option, and Hornsea Project One was the least probable to be selected.
565
From the surveys, additional criteria and stakeholders were recommended by the participants, which 566 will be considered in the future.
567
The proposed methodology could also be applied to other sectors in order to increase investment 568 confidence and provide optimum solutions. For example, the installation of floating offshore wind
569
and wave devices could benefit from the framework where the optimum locations can be suggested 
